This paper reports on the execution of a combined chemical sensing/high-resolution terrain-following autonomous underwater vehicle (AUV) survey to explore the fine structure and functional boundaries of the Santa Monica Basin suboxic zone and its relationship to topography. An AUV mapping vehicle is used in a novel configuration-combining the mapping vehicle tail section, with precision inertial navigation and acoustic communications systems, with CTD/O 2 , NO 3 sensing, and Gulper water sampling systems. The challenge was to perform a long-distance near-bottom physical/chemical survey in deep water without any intermediate surfacing to disrupt the survey or require the vehicle to surface in areas of heavy ship traffic. Some 210 km of AUV cruise track at '10 m above bottom were accomplished during a 3-day survey. The dissolved oxygen concentration [O 2 ] data are combined with temperature T, salinity S, and hydrostatic pressure P to produce maps of oxygen partial pressure pO 2 that help define the limits at which the oceanic supply of O 2 can match the O 2 demands required to sustain various forms of marine life. The chemical NO 3 sensing was included to define the critical pO 2 boundary at which NO 3 reduction occurs. The combination of a high-resolution terrain-following AUV with chemical sensors is important for a diverse array of investigations, including the study of vent sites, and for locating the source of chemical signals originating from the seafloor. The hypoxic basin example here permits better discrimination between general climate/ circulation controls on hypoxia and more specific point-source-driven processes.
Introduction
Declining oceanic oxygen associated with climate change and human development (Nakanowatari et al. 2007; Stramma et al. 2008; Helm et al. 2011 ) and concerns over the impacts of growing low-oxygen regions of the ocean on ecosystem functioning and fisheries (Diaz and Rosenberg 2008; Ekau et al. 2010; ) has led to the need for better definitions of limiting values for key species and ecosystems (Hofmann et al. 2011; Seibel 2011) . In the past, relatively crude definitions have been used, such as a threshold in [O 2 ], with no specific temperature T dependence for comparison between regions differing greatly in latitude. Furthermore, traditional hydrographic surveys with discrete and coarsely spaced sampling are not well matched to modern high-resolution seafloor topographic detail that defines critical benthic habitats and the associated topographically forced flow.
High-resolution surveys of multiple key hypoxiadefining parameters are potentially capable of resolving questions such as the distinction between generalized warming and decreasing [O 2 ] that are driven by global processes, and evidence for point-source-driven change and impacts from riverine, urban, or agricultural releases that may be subject to local policy control. The detailed mapping of critical oxygen boundaries, the variation with topography, and the use of these data to define the oxygen resource available to marine life with varying oxygen demands as a function of depth and T may be used to efficiently monitor rapidly expanding hypoxic regions that are now evident in coastal regions around the world.
While near-bottom, terrain-following autonomous underwater vehicle (AUV) missions are now routinely used for bathymetric mapping (e.g., Caress et al. 2008; Yoerger et al. 2007; Caress et al. 2012) , general hydrographical and current measurements (Stansfield et al. 2001) , and tracking of oil-spill-related hydrocarbons (e.g., Camilli et al. 2010) , AUV missions to simultaneously monitor various hypoxia-related parameters are not yet an established tool. In this paper we seek to advance this field by reporting on the execution of and results from a high-resolution bottom-following AUV survey of critical chemical properties [pO 2 (as calculated from [O 2 ]), as well as [NO 3 ], T, and S] in the Santa Monica Basin, offshore Southern California. The obtained chemical data are then mapped onto the topography with sufficient resolution to define the ocean chemical conditions supporting or limiting benthic and pelagic populations.
In planning and conducting this survey, we paid particular attention to reducing cost. We used the 26-m Research Vessel (R/V) Zephyr with a scientific party of four to execute the 3-day survey. The trade-off is that on vessels of this size, there is no room for personnel for conventional hydrocasts and chemical laboratory systems.
Santa Monica Basin
The Santa Monica Basin, located in the Southern California Bight (McClatchie et al. 2010) , has long been known as an oxygen-deficient environment (Emery 1960; Bograd et al. 2002; Masiello and Druffel 2003) . It receives water from the California Current (Emery 1960; Hickey 1991 Hickey , 1992 , which is well known for hypoxic conditions (Mearns and Smith 1976; Bograd et al. 2008; McClatchie et al. 2009; Connolly et al. 2010) ; however, the deep waters of the basin are most likely fed by the poleward undercurrent flowing from the south. Below the sill depth at 740 m (Emery 1960) , dissolved oxygen levels are consistently below the traditionally accepted (Shaffer et al. 2009 ) suboxic level of 10 mmol kg 21 (Bograd et al. 2002) and occasionally even fall below 5 mmol kg 21 (Bograd et al. 2002) , which is sometimes used as a tighter threshold for suboxia (Rue et al. 1997) . Although the basin is periodically flushed (Emery 1960; Hickey 1991; Bograd et al. 2002) , the waters immediately above sill depth are also low in oxygen and the basin deep waters are essentially permanently suboxic with a marked nitrate deficit. Intense reducing activity in the sulfide-rich sediments coupled with locally intense methane leakage has been shown (Paull et al. 2008) , and this quickly reduces any oxygen introduced during periodic water flushing events (Bograd et al. 2002) .
The overlying waters below a depth of about 100 m have dissolved oxygen levels below 61 mmol kg 21 (pO 2 ' 60 matm at 258C; see Hofmann et al. 2011) and thus some 640 m of the water column is poised below the widely accepted oxygenation level defining coastal hypoxia (Gooday et al. 2009; Middelburg and Levin 2009; Levin et al. 2009; . These midwaters thus fall well within the range defined as a ''dead zone'' in other nearshore locations, such as the Mississippi Delta in the Gulf of Mexico (Turner et al. 2008) . The waters here do contain aerobic species highly adapted to low-oxygen conditions. However, even these species reach their limit very close to oxygen conditions established at the sill depth of the basin [Childress and Seibel 1998 , and Monterey Bay Aquarium Research Institute (MBARI) remotely operated vehicle (ROV) observations]. The decomposition of anthropogenic organic waste discharged into the ocean can cause or exacerbate hypoxic conditions. Horizontal gradients in oxygenation of the flat parts of the basin bottom (i.e., not related to water depth) might indicate point-source-driven oxygen drawdown processes possibly connected to anthropogenic waste disposal. Such horizontal gradients could be detected by a high-resolution, topography-following AUV survey. The generally low-oxygen content, the possible existence of horizontal oxygen gradients, and a topography characterized by the presence of two significant mounds within the near-shelf part of the basin (Paull et al. 2008 ) together with a size suitable for the range of autonomous underwater vehicles available today makes the Santa Monica Basin an ideal test bed for an AUV survey method capable of efficiently resolving the distribution of hypoxia-defining oceanographic parameters.
Materials and methods

a. AUV operations
The survey described here was conducted with a variation of the MBARI AUV ''Dorado'' (Bellingham et al. 2000; Sibenac et al. 2002) launched from the MBARI R/V Zephyr on a week-long cruise in early June 2011. Depending on configuration (for other configurations, see Johnson and Needoba 2008; Ryan et al. 2010 Ryan et al. , 2011 , the Dorado can carry a variety of chemical sensors. The main chemical sensor for this mission was a pair of Sea-Bird SBE43 oxygen sensors aided by a pair of Sea-Bird Electronics (SBE) conductivity, T, and pressure (CTD) sensor arrays (SBE3F and SBE4) mounted in a continuously pumped sample stream. Calibration of the oxygen sensors is regularly ensured by the MBARI AUV team according to standard Sea-Bird Electronics Inc. recommended procedures. The vehicle also carried the MBARIdeveloped in situ ultraviolet spectrophotometer (ISUS; Johnson and Coletti 2002) , which measures nitrate and bisulfide concentrations. A Hobi Laboratories HydroScat-2 (HS2) backscattering sensor, a fluorometer measuring turbidity at 420 and 700 nm (nm) and chlorophyll-a fluorescence, and a Wet Laboratories Environmental Characterization Optics (ECO) fluorescence (fl) colored dissolved organic matter (CDOM) sensor were also operated on the vehicle.
The AUV was also fitted with the MBARI ''Gulper'' water sampling system (Bird et al. 2007; Ryan et al. 2010) , designed to rapidly acquire multiple large-volume water samples. The Gulper sampling system consists of 10 spring-loaded and electronically activated syringe-like water samplers with a volume of 2 L each, mounted in the midbody of the vehicle. For this mission, the Gulper system was used to conduct analogs to traditional Niskin bottle hydrocasts by triggering the sampler syringes at given depths during the vehicle ascent after each dive.
It was not possible within the confines of the mission and ship space to carry out traditional CTD hydrocasts and conventional Winkler titrations.
1 Oxygen calibration and sensor stability were examined from comparison of the up-and down-water column transit. Each AUV deployment was long enough that sufficient immersion time in very low-O 2 waters was achieved so that any O 2 bleed from the polymer structures surrounding the Sea-Bird SBE43 electrode was greatly diminished.
For the mission described here, the Dorado AUV was fitted with the MBARI mapping vehicle tail cone (Kirkwood 2007; Paull et al. 2008; Maier et al. 2011 ) that carries an inertial navigation system (INS) aided by velocity-over-ground observations from a Doppler velocity log (DVL), capable of achieving 0.05% of distance traveled navigational accuracy. The system was initialized remotely over an acoustic modem connection once bottom lock was established. Bottom lock was maintained throughout the rest of the dives. In the used configuration, the AUV is 5.33 m long and 54 cm in diameter, and can fly missions of '70-km track length at '2.8 kt (1 kt 5 5.1 km h 21 ).
Three separate dives were conducted on 5-7 June 2011 in the Santa Monica Basin just off the slope of Santa Monica Bay (see Fig. 1 ): dive 1: '73-km track length at '2.7 kt (5 km h 21 ), '14.5-h duration; dive 2: '70-km track length at '2.8 kt (5.1 km h 21 ), '13.7-h duration; and dive 3: '71-km track length at '2.9 kt (5.3 km h 21 ), '13.5-h duration. During all dives, an AUV altitude (distance to bottom) of '10 m was maintained (see Fig. 2 ).
b. Laboratory sample processing
Immediately after recovering the vehicle, nutrient samples were drawn from the Gulper water sampling bottles into seasoned polyethylene scintillation vials and frozen aboard the R/V Zephyr for later processing with an AlpChem autoanalyzer in the MBARI laboratory (Sakamoto et al. 1990 ). The samples were analyzed for FIG. 2 . AUV altitude (distance to the seafloor) for all three dives. The vehicle was programmed to fly a constant altitude of 10 m, as indicated by the horizontal gray line. Because of complex seafloor topography and limited pitch angle, it is not always possible to maintain this constant altitude. Vertical dashed lines indicate UTC date changes, and UTC times on the abscissa indicate the start and end of each dive.
1 Also, in practice, for such low-O 2 environments there is significant doubt as to the accuracy of Winkler titrations (Thamdrup et al. 2012) . Although modified titration techniques for low-O 2 systems have been devised, the problems of significant O 2 contamination from leakage from polymers have only recently been recognized. For example, the Teflon-coated stir bars almost universally used during Winkler titrations are a significant source of O 2 contamination. 
c. Data processing
Raw vehicle navigation and sensor log files were processed using an extensive set of MBARI-maintained MATLAB scripts (http://www.mbari.org/muse/platforms/ auvsdp.html) to apply sensor-specific conversion and correction factors and to take into account sensor lag times, pumping lag times corresponding to the location of the respective sensor in the pumping stream within the vehicle, and the vehicle velocity. Using vehicle navigation data, all sensor data were then correctly located in time and space for the final data products. This means that each data value is associated with the in situ location of the parcel of water that was sampled. As a result, no sensor lag times or other kinds of spatial or temporal shifts need to be considered when interpreting results shown in this paper. Full-resolution data products contained about 200 000 data points per dive for oxygen, CTD, and HS2 data (sampled with a frequency of '4 Hz), and 50 000 data points for ISUS data (sampled with a frequency of '1 Hz). Data from all sensors were interpolated to one common series of time stamps.
The [NO 2 3 ] values were first calculated from ISUS sensor data using the algorithm described in Johnson and Coletti (2002) . In a subsequent step, poor-quality data in the warm-up phase of the instrument at the start of each dive were removed and the remaining data have been reprocessed according to Sakamoto et al. (2009) to correct for in situ salinity S and T using averages of data from the primary and secondary CTD sensors. Furthermore, as is standard procedure for many oceanographic expeditions and sensor deployments, a postdive processing of [NO , T, and S, the data for all three dives have been merged into one dataset containing about 600 000 data points. Subsequently, only data with an AUV altitude (distance to the bottom) of below 20 m were considered, since our objective was to characterize low-oxygen bottom waters in the Santa Monica Basin.
Values for chlorophyll-a fluorescence (fl676), optical backscatter (bbp470 and bbp676), and colored dissolved organic matter (CDOM-ECOfl) are reported here in the native engineering units of the sensors. For chlorophyll fluorescence, an approximate conversion from engineering units to chlorophyll concentrations in micrograms per liter was determined to be (0.0007) 21 for another mission (Johnson and Needoba 2008) . Hydrostatic-pressure-corrected (according to Enns et al. 1965) (see Hofmann et al. 2011) . The depth at which pO 2 values cross hypoxia thresholds A (106 matm) to C (22 matm) as defined in Hofmann et al. (2011) have been determined based on values averaged between the three dives. Furthermore, we calculated the distance in terms of potential density (Ds u ; see Hofmann et al. 2011 ) of waters of the respective hypoxia categories from the 200-m isobath, indicative for the global average depth of the start of the continental shelf where upwellinginduced coastal hypoxia might occur.
Following Hofmann et al. (2012) , a set of quantities was calculated from T, S, hydrostatic pressure P, and [O 2 ], integrating [O 2 ] availability and diffusive limitation of O 2 uptake, that each characterize particular aspects of hospitality of a given oceanic environment for aerobic life. Here C f defines the minimum [O 2 ] required at in situ T, P, and diffusivity to support a given laboratorydetermined (at 1 atm) uptake rate. The quantity E max defines the generic maximal O 2 supply rate to an organism per square centimeter of respiratory surface area, and this allows for direct comparison of different ocean regions. The quantity Du 100 represents the change in local bulk fluid flow rate required to offset a given ocean warming and deoxygenation scenario.
Results
a. Water column observations
The [O 2 ], T, and S data show a good consistency between primary and secondary CTD and [O2] sensors (Fig. 3 , left three panels); only the secondary S sensor shows somewhat more data spread than the primary sensor (Fig. 3 , middle-right panel). After postprocessing and linear shift correction, the nitrate data for all three dives are consistent between dives and with laboratoryanalyzed discrete samples (Fig. 3, right . The temperature (Fig. 3 , middle-left panel) steeply decreases from about 158C at the surface to about 108C at about 50-m depth. At this depth, the slope of the decrease sharply changes, resulting in the onset of a more gradual quasi-linear decrease, until a T of about 5.58C is reached at a depth of about 750 m. Then T continues to decrease with a very slight gradient with depth but remains above 58C down to the bottom. Salinity values (Fig. 3, The pO 2 values steeply and quasi-linearly decline in the upper 100 m (Fig. 4) , reaching the hypoxia category A threshold value (Hofmann et al. 2011) of 106 matm at a depth of 43 m (averaged over all three dives) and the hypoxia category B threshold of 60 matm at ' 95 m. From about 100 m on, the pO 2 decline gradually levels off, reaches the hypoxia category C threshold of 22 matm at '296 m, and settles into an again quasi-linear decline with a much less steep slope from '220 m all the way down to 750 m, where values of around 0.5 matm are attained. Hofmann et al. (2011) defined a proxy for the potential energy that has to be overcome to transport a parcel of low-oxygen water onto the continental shelf, where upwelling-induced coastal hypoxia can be caused: the potential density distance from the 200-m isobath, Ds u . Here, Ds u is '0.1276 kg m 23 for hypoxia category C waters (pO 2 # 22 matm), while hypoxia categories B and A waters are already within shelf depths, indicated by negative Ds u values. The AUV-mounted Gulper system was used to take water samples between the bottom and 200-m depth ( Fig. 5 and (Fig. 5 , rightmost panel) are generally very low and close to the detection limit. While a clear peak cannot be identified, an increasing trend with depth seems apparent.
As expected, chlorophyll-a fluorescence (Fig. 6 , leftmost panel) exhibits a peak in the upper 50 m and then remains virtually zero all the way to the bottom, with values being very noisy below 800 m. Optical backscatter values (Fig. 6, 
backscatter at both 470 and 676 nm remains virtually constant at low values until about 750 m, where a marked increase can be observed again, indicating water of higher turbidity in the bottom 150 m of the basin, with backscatter reaching values almost as high as in the euphotic zone. At about 650 m, a slight positive anomaly can be observed for both wavelengths. CDOM (Fig. 6 , rightmost panel) linearly increases from the surface to the bottom throughout the whole water column. The upper '100 m show a steeper slope than the waters from 100 m down to the bottom.
b. Water-column-derived quantities
Hofmann et al. (2012) treat hypoxia as a gas exchange problem for animals analogous to familiar gas exchange processes at the sea surface. They define three novel ocean quantities by mechanistically combining several well-known nonlinear oceanic properties in ways that allow for mapping, visualization, and thus comprehension of their combined effect on the diffusion-limited oxygen supply of the ocean that any animal demand has to face. Here we apply these properties to better illuminate the conditions of O 2 stress that exist and how these will change with ocean warming.
The term C f , the minimal free stream [O 2 ] that sustains a given oxygen uptake rate, expresses the purely physical influences of T, S, hydrostatic pressure, and current flow velocity on the gas transport across the diffusive boundary layer (DBL) over gas exchange surfaces throughout the ocean. The E max , the maximal oxygen uptake rate per area of gas exchange surface that a particular oceanic environment can support, additionally incorporates the ambient oxygen content to express in one number the oceanic environment's capability to support aerobic life. Finally, Du 100 , the flow velocity offset needed to compensate for given ocean warming and deoxygenation (here, the decrease in [O 2 ] associated with warming due to the decrease in oxygen solubility) is a quantity that incorporates yet another dimension: an estimate for the (metabolic) costs of future changes of T and [O 2 ], and therefore this represents the vulnerability of a given system to global change.
Based on the measured data and assuming a generic fluid flow velocity of 2 cm s 21 , comparable to observed ambient current velocities in the Santa Monica Basin (Hickey 1991), we can calculate the quantities that express environmentally imposed diffusive oxygen uptake limitations for aerobic marine life as defined in Hofmann et al. (2012) (Fig. 7) . For a given uptake rate, minimally required oxygen concentration C f is dominated by T in the upper 750 m; the C f curve (Fig. 7, left panel) exhibits the inverse shape of the T profile, as decreasing T increases diffusive limitation. Below 750 m the dominance of the effect of hydrostatic pressure at greater depths (increasing hydrostatic pressure decreases diffusive limitation as it increases the driving pO 2 ) starts to become apparent as C f starts to decline again (i.e., a lower concentration is needed to sustain a given oxygen uptake rate). The term E max (Fig. 7, middle profiles. Since [O 2 ] values are fairly low in our study area, Du 100 , the change in flow velocity required to compensate (i.e., to keep E max constant) for a given warming and associated deoxygenation, has been calculated with an assumed T increase by only 0.058C as to not reach absolute zero [O 2 ] values and introduce further chemical complexity (Fig. 7, right panel) . Down to about 600 m, the system is fairly resistant to a 0.058C T increase, but below that depth, even this very small T increase and the associated [O 2 ] decrease would have to be compensated by free streamflow velocity increases of up to '1.5 cm s
21
-almost double our assumed mean background value.
c. Bottom water observations
Depth and oxygenation show a tendency to be inversely related. Waters close to the relatively flat bottom of the basin at '900 m consistently showed the lowest ) than at the bottom of the basin, consistent with shallower depths found at the base of the canyon. No localized point-source-processrelated O 2 drawdown can be detected in the area covered by our dives. The seafloor rises toward the southeast (overflown in dive 2), consistently accompanied by higher oxygenation values. Water above the large mound to the south of our survey area, the base of which has been traversed in dive 3 in the west-southwest to east-northeast direction, shows higher oxygenation values consistent with its shallower depth.
In the area of the ''Santa Monica mounds'' (Paull et al. 2008) , seafloor-methane-seepage-derived structures occur FIG. 7 . Quantities to describe hospitability for aerobic organisms according to Hofmann et al. (2012) : C f is the [O 2 ] value the free stream water must minimally have to sustain a given oxygen uptake rate E (we use a generic example value of E 5 20 3 10 27 mmol s 21 cm 22 here).
It represents the influence of T, S, and pressure on oxygen uptake rates. The E max represents the maximal oxygen uptake rate the given environment is capable of sustaining. (Fig. 10, right panel) shows a clear relation with depth, spreading from values down to '25 mmol kg 21 in some locations on the flat basin floor at around 900-m depth up to '35 mmol kg 21 in the shallowest areas.
Three-dimensional representations of values of T, S, optical backscatter at 470 nm (bbp470) and 676 nm (bbp676), and colored dissolved organic matter concentration in engineering units CDOM (ECOfl), all largely consistent with depth, can be found in appendix B. Appendix B also contains 3D representations of values of the minimal oxygen concentration C f able to support a given oxygen consumption rate, the maximal oxygen consumption rate the environment is able to support E max , as well as the change in water velocity required to keep E max constant (Du 100 ) under given warming and deoxygenation scenarios (Hofmann et al. 2011 ).
Discussion
The terms ''hypoxic'' and ''suboxic'' are traditionally used, but they often lack rigorous definitions (see Hofmann et al. 2010 for details). However, as climate change proceeds, we are very likely to also experience true ocean ''anoxia.'' Detection of the emergence of anoxia, and showing that it is related to large-scale climate change, as well as local effects, is a critical problem, as full anoxia will bring with it locally the appearance of toxic H 2 S in the water column [see Canfield et al. (2010) for an example of nascent H 2 S emergence]. As significant ocean boundaries (or ''tipping points'') might be crossed, the ability to accurately survey present-day very low-O 2 environments with high spatial resolution, technically difficult though it may be, is an important challenge. In that sense, the objective of the AUV survey was met in terms of producing high-quality, highresolution, three-dimensional maps of key hypoxia-, suboxia-, and anoxia-defining quantities [O 2 ], T, S, P, and the supporting quantity [NO 2 3 ], as well as a variety of derived quantities providing additional information (pO 2 , C f , E max , Du 100 ) in Santa Monica Basin bottom waters.
The survey tracks were arranged in such a fashion that the vehicle followed the terrain up and down through the water column for some tens of meters numerous times during one single dive of the survey. Gradients consistent with bathymetry were found and consistent values were obtained at depth between the three dives. Thus, it can be concluded that the [O 2 ] gradient from about 0.5 to 2.5 mmol kg 21 in the bottom waters of our survey was not instrument drift (e.g., because of O 2 diffusion from polymeric materials or possible leakage of O 2 -rich waters from void spaces in the vehicle-as this influence decays quickly), but it is geographically consistent with depth (i.e., no ''horizontal,'' non-depthrelated [O 2 ] gradient could be detected). Furthermore, because of these observed terrainconsistent [O 2 ] profiles and because of the findings of other authors in similar circumstances (Thamdrup et al. 2012) , which suggest that the oxygen sensors used here work well down to the [O 2 ] concentrations, we found (when there is sufficient time for any polymer fabricated FIG. 8 . A 3D view and horizontal distribution pO 2 in the surveyed part of the Santa Monica Basin. This representation of the data is produced with the MBARI-developed software package MBGridViz (developed by David Caress) and helps to visually locate the chemical data (pO 2 ) in respect to the bathymetry of the survey area. In contrast to traditional hydrocasts that provide depth profiles of parameters in question (which our AUV-based method provides as well; see Figs. 3, 4, 5, etc.) or 2D maps plotted on density surfaces gridded from sparse single-point data, often not very close to the bottom, our method not only provides an easy visual correlation of the field of chemical data (here, pO 2 ) with the bathymetry of the survey area, but also spatially very highly resolved data consistently about 10 m off the bottom and is thus ideally suited for high-resolution monitoring of areas of interest (e.g., nearshore hypoxic regions such as the Santa Monica Bay).
parts close to the electrode to lose their dissolved O 2 -as was the case for our dives) we have a high confidence in the obtained absolute [O 2 ] values.
Around the area of the Santa Monica mounds (Paull et al. 2008) , roughly the center of our survey area, survey tracks of dive 1 and dive 2 overlapped. The [O 2 ] values, as well as T and S values (see appendix B), differ between those two dives around the exposed location of the northeast mound. This most likely is due to basin natural motions such as the ''freely propagating basinscale topographic waves driven by the long-period upper water column fluctuations'' (Hickey 1992, p. 37 ) that have been reported by Gregg and Kunze (1991) and characterized for the Santa Monica Basin by Hickey (1992) . Similar differences were not observed at the deeper southwestern mound (33.788948N, 118.668228W), FIG. 9 . A 3D view and horizontal distribution of the pO 2 in the surveyed part of the Santa Monica Basin. This alternative representation of the data was produced with MATLAB and shows the data located in a latitude-longitude grid, using high vertical exaggeration (only the depth slice between 700-and 900-m depth is plotted), and not showing bathymetry as to enable a visually clearer impression of variations in the dataset. indicating more stable, nearly anoxic conditions-not to the same extent affected by basin-scale natural motions. Together with the marked differences in observed biological communities at the two mounds mentioned above, this supports the notion that, on medium time scales, the southwestern mound stays below the critical pO 2 boundary of sustenance for most aerobic marine life in the Santa Monica Basin, while the northeastern mound remains above this threshold and is even periodically flushed with higher oxygen waters.
The [O 2 ] values in the Santa Monica Basin were very low during our survey. Oxygenation values of waters as shallow as '50 m could already be described as mildly hypoxic (hypoxia category A in Hofmann et al. 2011) . From '100 m down to the bottom, the Santa Monica Basin oxygenation was below the Gulf of Mexico ''dead zone'' threshold (Turner et al. 2008; Lumcon 2010) , or hypoxia category B in Hofmann et al. (2011) . Oxygenation below '300 m was also below the hypoxia category C threshold in Hofmann et al. (2011) , where only highly specialized species are able to survive and mass mortality for most nonadapted species is induced if they are suddenly exposed to such low-oxygen conditions (Diaz and Rosenberg 2008; Riedel et al. 2008; Haselmair et al. 2010) . Hofmann et al. (2011) characterize the likelihood of a parcel of low-oxygen water transported onto the shelf by upwelling events with Ds u , its distance from the 200-m isobath (used as a generic limit of the continental shelf) in terms of potential density, which is proportional to the potential energy difference between the respective waters and shelf depths. The Ds u for hypoxia category C waters (pO 2 , 22 matm) in the Santa Monica Basin is about 0.1276 kg m 23 , which is only about one-fourth of the Ds u for hypoxia category C values of '0.45 kg m 23 for waters off the coast of Oregon (Hofmann et al. 2011) , for which dramatic ecosystem-wide impacts of upwelling-induced hypoxia have already been reported (Grantham et al. 2004; Chan et al. 2008) . Local wind-driven coastal upwelling has already been documented for the Santa Monica Bay shelf (Hickey et al. 2003; Allen and Hickey 2010) , and it might lead to serious negative impacts on fisheries and coastal recreation in the future, especially since hypoxia boundaries are already shoaling and fisheries are declining in the California Current (Koslow et al. 2011) and are likely to shoal farther in the future. The bottom waters of the Santa Monica Basin showed oxygen values well into the onset of the suboxic zone, traditionally defined as below 10 mmol kg 21 and even below the stronger threshold of 5 mmol kg 21 used to describe suboxic environments, where microbial utilization of nitrate as an electron acceptor is well underway (Rue et al. 1997) . At a depth of 650 m and below, evidence of NO 2 3 loss with continuing O 2 consumption could be clearly observed, even though a nitrite peak could not be detected likely because of very rapid oxidation of produced NO 2 2 , consistent with suboxic but nonzero O 2 conditions (Thamdrup et al. 2012) . Hydrogen sulfide (bisulfide) was not detected in our 10-mabove-bottom survey. This is consistent with the concept that both O 2 (Stolper et al. 2010 ) and [NO 2 3 ] near zero must be achieved before sulfide emergence can be detected (Canfield et al. 2005 ).
Conclusions and outlook
The work reported here was executed from a small (26 m long) ship in only three dive days with a scientific party of four. This raises the prospect of more timely and cost-effective monitoring of expanding hypoxia over complex terrain as longer-range vehicles [e.g., the MBARI long-range AUV (LRAUV) ''Tethys''; Godin et al. 2010; ] and enhanced, low-power, and stable in situ chemical sensors appear. Although the survey took place within a relatively well-defined basin, the presence of very different slope gradients and of prominent mounds provided sufficient challenges that one can say with reasonable confidence that chemical mapping AUV missions over complex seafloor topography are possible. The ability to map chemical fields over the topography can indicate where finescale biological gradients may be observed and interpreted. For future AUV missions with the same configuration, it is desirable to obtain enough Gulper water samples to calculate high-quality correcting offsets for ISUS [NO 2 3 ] data for all dives. The focus here was on defining the bottom water chemical conditions supporting benthic marine life, since this is where the disparity between modern highresolution seafloor mapping and widely spaced hydrographic surveys is greatest. In the Santa Monica Basin, we mapped bottom waters that are far below the usual hypoxia and even suboxic definitions, posing serious limitations to aerobic life. In the bottom water, we found no depth-independent horizontal gradient in [O 2 ] on the same order of magnitude of the depth-related gradients we found (1-2 mmol kg
21
) that would suggest a local contribution of anthropogenic point-source-related processes to the low-oxygen conditions.
It is well established that ocean warming from climate change is occurring, and that this will lower oceanic oxygen levels both from the direct solubility effect and from increased microbial respiration rates with harmful effects on aerobic marine life. Thus, the precise definition and mapping of hypoxic ocean regions will be in demand, as will the ability to separate ''normal'' fluctuations from long-term trends, and the ability to separate locally driven hypoxia from riverine input, etc., from more general trends. As low-oxygen regions expand, the marked associations between topography, flow, and chemical signals will need further careful in- Absolute concentration values obtained with the ISUS instrument can be influenced by, among others, fouling of the optics and changes in internal light throughput in the instrument, which can create offsets in the absolute concentration output of the sensor. Often, these offsets develop during the periods when the AUV is on deck-that is, between dives, for examplebecause of a film drying on the optics that creates a slight shift in absorbance. As a result, we have found that these offsets are essentially constant over long stretches of the profile of each dive, often over the whole dive, so adjusting the offsets in the [NO 3 ] values with discrete data is an accepted practice (see also Johnson et al. 2010) . Here, for dives 1 and 2 discrete [NO obtained from laboratory analysis of the Gulper water samples were used to calculate a linear compensation in the absolute concentration response of the sensor. For each laboratory data point, a set of maximally 10 ISUS data points that are closest in terms of potential density has been averaged and an offset to the laboratory value has been calculated. Hofmann et al. (2012) ; C f is the [O 2 ] value the free stream water must minimally have to sustain a given oxygen uptake rate E (we use a generic example value of E 5 20 3 10 27 mmol s 21 cm 22 here). It represents the influence of T, S, and pressure on oxygen uptake rates. For calculation of C f , a generic flow velocity u 100 5 2 cm s 21 is assumed.
FIG. B4. A 3D view and horizontal distribution of plots two other quantities according to Hofmann et al. (2012) representing the hospitability of an oceanic environment to aerobic life: (a) The term E max represents the maximal oxygen uptake rate the given environment is capable of sustaining. It combines effects of T, S, and pressure with ambient [O 2 Figures B1-B4 contain additional 3D representations of data measured during the AUV mission or derived from data measured during the AUV mission.
